The Epstein-Barr virus (EBV) protein EBNA2 is a transcriptional activator that can be targeted to its DNA responsive elements by direct interaction with the cellular protein RBP-JK. RBP-Jic is a ubiquitous factor, highly conserved between man, mouse and Drosophila, whose function in mammalian cells is largely unknown. Here we provide evidence that RBP-JK is a transcriptional repressor and, more importantly, that RBP-JK repression is mediated by a co-repressor. The function of the co-repressor could be counterbalanced by making a fusion protein (RBP-VP16) between RBP-JK and the VP16 activation domain. This RBP-VP16-mediated activation could be strongly increased by an EBNA2 protein deprived of its activation domain, but not by an EBNA2 protein incapable of making physical contact with RBP-JK. Our results suggest that EBNA2 activates transcription by both interfering with the function of a co-repressor recruited by RBP-JK and providing an activation domain.
INTRODUCTION
Epstein-Barr virus (EBV) is a widespread human herpes virus associated with several human malignancies, including Burkitt's lymphoma, nasopharyngeal carcinoma, Hodgkin's disease and various lymphomas in immunodepressed patients (1). In vitro infection of B lymphocytes by EBV and culture of lymphocytes from seropositive individuals give rise to immorLtalized cell lines. In such immortalized B cells EBV persists mainly as an episome, from which a limited set of viral genes is expressed that characterizes EBV latency (type Im latency). This EBV-induced immortalization is absolutely dependent on the EBV nuclear protein EBNA2 (2, 3) . EBNA2 is necessary not only for the initiation (4) , but also for the maintenance of immortalization (5) . EBNA2 has been shown to act as a transcriptional activator. In particular, it up-regulates expression of the cellular genes CD21, CD23 and c-fgr (6) (7) (8) (9) and the EBV genes LMP and TPI (10) (11) (12) (13) . Moreover, transcription of EBNA genes initiated at the Cp promoter is also activated by EBNA2 (14) (15) (16) . The capacity of EBNA2 to activate transcription has been directly linked to its role in immortalization ( 17) . Recently important advances have been made in the understanding of the mechanisms by which EBNA2 activates transcription: EBNA2 does not interact directly with DNA, but appears to be recruited to promoters by the cellular DNA binding protein RBP-JK (also called KBF2 and CBF1) (18) (19) (20) (21) (22) (23) (24) .
The RBP-JK protein was first characterized in the mouse (25, 26) and then the corresponding cDNAs were cloned from mouse, man and Drosophila (26) (27) (28) (29) . The DNA recognition sequence has been precisely characterized and contains the core sequence GTGGGAA, which is present in all known EBNA2-responsive promoters (30) . In addition to being a DNA binding intermediary protein for EBNA2, other evidence suggest that RBP-JK could be a more general transcriptional regulator. Indeed, RBP-JK has been identified in Drosophila as Suppressor of Hairless [Su(H)], a nuclear protein involved in development of the peripheral nervous system (31) (32) (33) . In S2 Drosophila cells Su(H) or its human homologue RBP-JK can act as a transcriptional activator in a transient transfection assay (28) . In mammalian cells RBP-JK has been described as a transcriptional repressor of the adenovirus pIX gene, in which a binding site for RBP-JK is found adjacent to the TATA box (34) . Furthermore, RBP-JK fused to the DNA binding domain of Gal4 is able to down-regulate transcription from the herpes simplex virus thymidine kinase (TK) promoter linked to five Gal4 binding sites (35) . The 
RESULTS
Endogenous RBP-Jic represses transcription from a TK promoter containing binding sites for RBP-Jic
In order to study both the role of RBP-Jic in transcriptional regulation and the mechanisms of activation by EBNA2 we used a series of plasmids (see Fig. IA ) which contain either one, two or four copies of a RBP-JiK binding site upstream of the herpes simplex virus TKpromoter linked to the CAT gene. We have also generated an equivalent series of constructions in which the RBP-Jic binding sites are mutated so that they no longer bind RBP-Jic.
As shown in Figure IB, First we tested whether providing RBP-Jic with an activation domain would be sufficient to counterbalance repression. For this purpose the sequence coding for the acidic activation domain of the herpes simplex virus VP16 transcriptional activator was fused to the C-terminus of the RBP3 coding sequence (RBP3 being one ofthe known RBP-JK isoforms; 28) ( Fig. 2A) . This protein, called RBP-VP16, bound DNA as efficiently as RBP3 (Fig. 2B , lane 2 and 6) in an EMSA. We next evaluated whether RBP-VP16 could activate transcription. As shown in Figure 3 
Repression by RBP-Jic involves a co-repressor
Although DNA-bound RBP-VP16 activated transcription, it was possible that this activation was not optimal, but partially repressed either by endogenous RBP-Jc bound to adjacent sites or by the RBP3 moiety in RBP-VP16. In either case this repression could be exerted either directly or through a specific co-effector(s). In order to examine the existence of such a co-effector we made use of RBP3 derivatives deficient in their ability to bind DNA. Such proteins could be expected to trap and titrate the potential co-effector. We thus generated site-directed RBP3 mutants (Fig. 4A ) and expressed them in vitro using a coupled transcription/translation system (Fig. 4B) . As evaluated by EMSA, four mutants (RBP KR5OSL, RBP RL178GI, RBP HK269SL and RBP WT314SL) had strongly decreased DNA binding activity compared with wild-type RBP3 protein (Fig.  4C) . RBP KR5OSL and RBP RL178GI were selected for further study, since their binding activity was the lowest. When expressed in HeLa cells these proteins were present in comparable amounts and were correctly imported into the nucleus (data not shown). We next evaluated the effect of the two mutant proteins RBP KR5OSL and RBP RL178GI on RBP-VP16-activated transcription. For this we used the reporter plasmid pTATA-CAT-Cp4x (Fig. SA) , consisting of the CAT gene placed under the control of four RBP-Ji binding sites cloned upstream of the TK TATA box. Upon transfection of pTATA-CAT-Cp4x into HeLa cells transcription of the CAT gene was inefficient (Fig. SB, lane 1) . However, it was activated by RBP-VP16 (Fig. 5B, lane 2) , whereas RBP KR5OSL and RBP RL178GI gave no activation (Fig. 5B, lanes 3 and 4 respectively) . Interestingly, when RBP KR5OSL (Fig. SB, lanes 6-8) or RBP RL178GI (Fig. SB, lanes  9-11) were co-expressed with RBP-VP16 transcription of the CAT gene was increased as compared with that induced by RBP-VP16 alone (Fig. 4B, lane 2) . It should be noted that the level of CAT expression was directly proportional to the amount of RBP KRSOSL or RBP RL178GI expressing plasmid transfected. Taken together these results are consistent with the hypothesis that a co-repressor(s) binds to RBP-JK and can be sequestered by RBP3 DNA binding-defective mutants. To further evaluate this hypothesis we introduced a second mutation in protein RBP KR50SL that has previously been shown to strongly impair repression mediated by a Gal4-RBP-JK fusion (35) . This doubly mutated protein, called RBP KRSOSLUEEF219AAA (Fig. 4A) , did not bind DNA in vitro and upon transfection into HeLa cells had no effect on RBP-VP16-mediated transcription (Fig. SB, lanes 12-14) . Thus the negative effect of the EEF219AAA mutation on the capacity to titrate the potential co-repressor correlates with the negative effect of this mutation on the repression activity of Gal4-RBP-Ji as described by Hsieh et al. (35) . These results strengthen the hypothesis that a co-repressor mediates RBP-Jic-induced repression.
EBNA2 counteracts RBP-Jic-mediated repression neither by destabilizing RBP-JK binding nor by directly interacting with the co-repressor As shown above, RBP-JK-mediated repression occurs via a co-repressor(s). EBNA2 could impair this repression by destabilizing RBP-Jic binding to DNA, as suggested by in vitro experiments (20) . Alternatively, EBNA2 could interfere directly with the co-repressor function or with its binding to RBP-JK. In order to evaluate these possibilities we generated an EBNA2 mutant (EBNA2A437-477) ( Fig. 2A) with its activation domain deleted (17, 37) . As expected, when expressed in HeLa cells EBNA2A437-477 alone did not detectably activate transcription from pTATA-CAT-Cp4x (Fig. 6, lane 3) . However, although EBNA2A437-477 destabilized RBP3 (or RBP-VP16) DNA binding in vitro in an EMSA (Fig. 2B, lanes 4 and 8) , this destabilizing effect was not observed upon co-transfection of RBP-VP16 with EBNA2A437-477 in HeLa cells. Indeed, transcriptional activation from the pTATA-CAT-Cp4x reporter plasmid by RBP-VP16 (Fig. 6 , lane 2) not only was not decreased by co-expression of EBNA2A437-477, but was in fact strongly enhanced (up to 100 times) when EBNA2A437-477 was co-expressed with RBP-VP16 (Fig. 6, lanes 5-8) . This enhancement was dependant on a physical interaction between EBNA2 and RBP-JK, since the EBNA2 mutant (EBNA2A321-323, Fig. 2A ) which no longer interacted in vitro with RBP3 (or RBP-VP16) (Fig. 2B , lane 5 and 9) did not significantly affect RBP-VP16 activation (Fig. 6, lanes 9-12) (38) . In Drosonctions directly or phila S2 cells interaction between Hairless and Su(H) (the iswered. Here we RBP-JK Drosophila homolog) leads to inhibition of ,pression requires Su(H)-mediated activation, probably by destabilizing the associounts in the cell. By ation of RBP-Jic with DNA (28) . In addition, in the absence of the .JK mutants with Notch ligand the activity of Su(H) would be controlled via P-VP16-mediated cytoplasmic retention by the Notch membrane receptor protein epressor. We also (42) . The interaction of RBP-Jic with a number of different cellular and viral proteins provides a framework for analyzing the function of RBP-JK. Study of the precise protein-protein interactions and characterization of the RBP-Jic domain(s) involved in contact with these various proteins will be particularly important for understanding RBP-JK-mediated transcriptional regulation. Moreover, the identification and characterization of other RBP-JK partners, among them the potential co-repressor discussed here, will be ofprimary importance to shed further light on RBP-JK function.
